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In-ﬁeld product performance assessments are an essential component of corn rootworm (Diabrotica spp.;
CRW) resistance management plans for transgenic maize (Zea mays L.) products expressing proteins
derived from the bacterium Bacillus thuringiensis (Bt). The goal of a successful ﬁeld sampling program is
to accurately characterize in-ﬁeld product performance while also minimizing resource demand, as
collection of maize root samples to evaluate CRW injury can present resource challenges such as labor
intensiveness, potential safety issues, and a limited time window available for sampling. A resource-
efﬁcient sequential sampling plan was developed that utilizes data-driven root injury threshold values
derived from benchmark product performance data for both single and pyramided Bt maize traits for
CRW control. This sequential sampling methodology incorporates unbiased sampling and controlled
false positive and false negative error rates, enabling accurate assessment decisions to be made with
efﬁcient resource use. Our proposed approach enables systematic and effective classiﬁcation of in-ﬁeld Bt
maize product performance, with applications to other CRW control technologies besides Bt maize
products.
© 2016 Pioneer Hi-Bred International, Inc. Published by Elsevier Ltd. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Transgenic maize (Zea mays L.) expressing proteins derived from
the bacterium Bacillus thuringiensis (Bt) has been developed to
manage corn rootworm (Diabrotica spp.; CRW), the most
economically damaging insect pest complex inmaize (Moellenbeck
et al., 2001; Vaughn et al., 2005). There are numerous economic and
environmental beneﬁts to managing CRW using Bt maize products
(Alston et al., 2002; Marra et al., 2012), and the global widespread
and rapid adoption of Bt insecticidal crops over the past decade is a
tribute to the value of this technology (ISAAA, 2013). However, early
in the development of these products, stakeholders across the in-
dustry were concerned that the extensive planting of this tech-
nology would hasten insect resistance in the absence of an
appropriate insect resistance management (IRM) plan (US-EPA,
2001). Industry and stakeholders determined several keyhnston, IA 50131, USA
t).
Published by Elsevier Ltd. This is aelements were necessary for an effective IRM plan, one of which
was the need to conduct resistance monitoring as a means of
detecting when a decrease in susceptibility to the Bt protein(s) of
interest has occurred in a target insect pest population (ILSI, 1999;
IRAC, 2013).
The primary goal of resistance monitoring is to detect increasing
resistance early enough to deploy mitigation measures in order to
extend Bt maize product durability, thereby maintaining future Bt
maize product value to farmers (IRAC, 2013). Monitoring for
resistant target insect pest populations can be accomplished either
through random population screening using laboratory bioassays,
or through in-ﬁeld Bt maize product performance assessments.
However, the US-EPA has recommended that because resistance in
CRW is likely to occur more rapidly in localized geographies (due to
limited adult CRW movement) compared with lepidopteran pests,
IRM resistance monitoring programs for CRW should focus more
heavily on product performance (via in-ﬁeld assessments) rather
than random population screening in order to identify cases of
developing resistance to Bt maize products earlier (Schlenk and
Jenkins Jr, 2014; US-EPA, 2013).n open access article under the CC BY-NC-ND license (http://creativecommons.org/
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farmers contact the seed provider (referred to as a trait provider) if
a given ﬁeld containing a Bt maize product did not meet perfor-
mance expectations; 2) the trait provider evaluates product per-
formance in the affected ﬁeld by collecting root samples and
determining whether or not unexpected damage (referred to as
UXD) was observed in the collected samples; and 3) if a ﬁeld is
classiﬁed as having UXD, then the trait provider samples adult
CRW populations from the ﬁeld to test the progeny for suscepti-
bility against the speciﬁed Bt protein(s) using appropriate labo-
ratory bioassays. It is important to implement a successful ﬁeld
sampling program for CRW product performance assessments, as
failure to identify in-ﬁeld UXD could delay the detection of a Bt-
resistant pest population, resulting in signiﬁcant negative conse-
quences for both farmers and trait providers (e.g., limited pest
management options for farmers and negatively impacted future
Bt trait product value).
Minimizing resource demand without compromising accuracy
is extremely important for implementing a successful ﬁeld sam-
pling program for CRW UXD. A sampling procedure that is easy to
implement and follow will help the trait provider deliver an ac-
curate assessment to the farmer. The in-ﬁeld assessment process
can be limited by inconsistency in root injury ratings across
multiple ﬁeld professionals with varying levels of competency and
experience, and also by resource availability given the relatively
short (3e4 weeks) optimal time period for accurately assessing
root injury in ﬁelds and subsequently sampling adult CRW pop-
ulations. Furthermore, digging roots to assess CRW injury is
physically demanding and can lead to potential safety issues (e.g.,
summer heat conditions or use of mechanical and power tools for
evaluation). Resource demand can be optimized by minimizing the
number of root samples (coupled with the appropriate sampling
pattern) needed to accurately assess in-ﬁeld product performance.
One type of sampling method commonly used in insect pest
management (IPM) that takes into account sampling efﬁciency is
referred to as sequential sampling or sequential decision making
(Lam et al., 2002). Sequential sampling employs a binary decision
making process, in which the ﬁeld professional starts with a
relatively small number of samples and then makes a decision
(based on predetermined criteria for observed root injury) to
either stop sampling or to continue collecting additional samples.
The ﬁeld professional continues making binary decisions until
either a “stop sampling” decision is reached or the pre-
determined maximum number of samples is collected. In com-
parison to a sampling method with a predetermined ﬁxed
number of samples, sequential sampling improves the overall
efﬁciency of collecting root samples for assessing UXD by
allowing the user to make a decision quicker with relatively small
sample sizes, especially on those ﬁelds with either very high or
very low injury levels. For ﬁelds with moderate injury levels,
sample sizes may be more similar between sequential and ﬁxed
sampling methods; however, sequential sampling should offer
greater sampling efﬁciency across the entire range of possible
injury levels (Onsager, 1976).
In this paper, we propose a sequential sampling plan developed
to assess CRW UXD to both single and pyramided (i.e., containing
more than one CRW control trait) Bt maize traits for CRW control,
using a systematic approach with data-driven thresholds for in-
ﬁeld product performance. The proposed sequential sampling
plan employs an unbiased sampling method that can be applied to
both small and large ﬁeld sizes, and provides an accurate, resource-
efﬁcient assessment of in-ﬁeld product performance that enables
several key properties of a successful resistance monitoring pro-
gram (IRAC, 2013).2. Materials and methods
2.1. Establishment of hypotheses
During an in-ﬁeld product performance assessment of Bt maize,
the ﬁeld in question is classiﬁed one of twoways: having acceptable
performance or having UXD. Correspondingly, two alternative hy-
potheses, designated as H1 and H2, are established:
H1: p  p1
H2: p  p2
where p refers to the underlying true proportion of roots with UXD
for a given ﬁeld, and p1 and p2 are the speciﬁed limits of H1 and H2.
These two alternate hypotheses are evaluated using pre-
determined p1 and p2 values. When p is less than or equal to p1, the
H1 hypothesis is true and the ﬁeld is classiﬁed as having acceptable
performance. When p is greater than or equal to p2, the H2 hy-
pothesis is true and the ﬁeld is classiﬁed as having UXD. When p is
in between p1 and p2 and therefore neither hypothesis can be
accepted as true, further evaluation is required.
2.2. Determination of p1 and p2 using benchmark product
performance data
Deﬁning appropriate p1 and p2 values (representing the speci-
ﬁed limit for the proportion of roots with larval injury at which a
ﬁeld classiﬁcation of acceptable performance or UXD, respectively,
can be made) is an important part of developing a successful
sampling plan for in-ﬁeld product performance assessments. The
best way to accurately determine p1 and p2 is to analyze root injury
data from an appropriate historical data set. In this paper, historical
root injury data (referred to as benchmark product performance
data) collected from a large number of root samples across the U.S.
Corn Belt over four years (2010e2013) was used to determine p1
and p2 values for both single and pyramided Bt maize traits for CRW
control.
2.2.1. Experimental design summary for benchmark product
performance data
The benchmark product performance data were generated in
small-plot ﬁeld efﬁcacy experiments designed to characterize the
root protection of Bt maize hybrids containing either single or
pyramided Bt traits for CRW control relative to unprotected,
negative control maize. The single Bt trait maize hybrids contained
either event DAS-59122-7 or event SYN-IR6Ø4-5 (referred to as
59122 maize and MIR604 maize, respectively), with the majority of
data generated for 59122 maize. The pyramided Bt trait maize hy-
brids each contained two CRW traits combined through conven-
tional breeding techniques, and consisted of either DAS-59122-
7xSYN-IR6Ø4-5 (referred to as 59122xMIR604 maize) or DP-
ØØ4114-3xSYN-IR6Ø4-5 (referred to as DP4114xMIR604 maize).
The 59122 maize produces the Cry34Ab1 and Cry35Ab1 proteins
that together comprise an active insecticidal protein (US-EPA,
2005). MIR604 maize produces the mCry3A insecticidal protein
(US-EPA, 2007). DP4114 maize produces the Cry1F protein for
protection against certain above-ground Lepidopteran pests as well
as the Cry34Ab1 and Cry35Ab1 proteins for protection against CRW
larvae (USDA-APHIS, 2013). The negative control hybrids did not
contain transgenic traits for CRW control.
In a given year, two to ﬁve separate experiments were con-
ducted at each location, with each experiment utilizing a split-plot
design with three to four replications. Each experiment contained
two to eight hybrid backgrounds as whole-plots, with each whole-
plot containing subplots of single Bt trait, pyramided Bt trait, and
negative control maize. Each experimental unit (i.e., subplot) was
either a single- or four-row plot, where each row was
B. Hong et al. / Crop Protection 82 (2016) 36e4438approximately 5.3 m in length and rowswere spaced 0.76 cm apart.
The single and pyramided Bt traits were deployed as pure stands,
and additionally, in some years, were also deployed as a seed blend
with negative control maize (i.e., blended refuge) to simulate Bt
maize products with a CRW refuge deployed as a seed blend.
The experiments were planted on land that had contained
maize the previous season and were expected to contain natural
CRW infestations. In order to represent a range of CRW pressures to
simulate future ﬁeld scenarios, manual infestation of WCR eggs
(750 eggs per plant) was applied to some experiments at some
locations to increase the likelihood of achieving high CRWpressure.
After the peak period of CRW larval injury had occurred at each
location (typically mid-July to early August), root samples were
evaluated at each plot. For pure stand plots, ﬁve roots per plot were
evaluated by locating the third plant in a given row and then
sampling the next ﬁve consecutive plants. For blended refuge plots,
ten roots per plot were evaluated in one of two ways: by locating
the third plant in a given row and then sampling the next ten
consecutive plants, or in some experiments, by sampling two
separate 5-consecutive-plant clusters randomly positioned within
the row (where the center plant of each cluster was a refuge plant).
The sampled roots were dug from the soil, washedwith pressurized
water to remove the soil, and the level of CRW larval injury was
visually assessed for each sample using the 0e3 node-injury scale
(NIS) (Oleson et al., 2005). Any sampled refuge plants from the
blended refuge plots were not included in subsequent statistical
analysis. Additionally, any experiment where the average NIS score
of the negative control was less than 0.75 was deemed as not
having adequate insect pressure and was not included in subse-
quent statistical analysis. A summary of benchmark product per-
formance data (trait type, year, number of locations, trait name,
trait deployment method, and number of root samples) is provided
in Table 1.
2.2.2. Statistical treatment of benchmark product performance data
Within the benchmark product performance data, each unique
combination of location, experiment, deployment method (pure
stand vs. blended), and infestation method (natural vs. manual)
was treated as a separate environment. A total of 65 environments
were identiﬁed for single Bt trait maize hybrids, 85 environments
were identiﬁed for pyramided Bt trait maize hybrids, and 48Table 1
Summary of the benchmark product performance data used to determine p1 and p2.
Maize typea Year Number of locationsb Deployment metho
Single Bt Trait 2010 5 Pure Stand
2011 5 Pure Stand, Blended
2012d 8 Pure Stand, Blended
2013 6 Pure Stand
Pyramided Bt Traits 2010 5 Pure Stand
2011 5 Pure Stand, Blended
2012 8 Pure Stand, Blended
2013 6 Pure Stand
Negative Control 2010 5 Pure Stand
2011 5 Pure Stand
2012 8 Pure Stand
2013 6 Pure Stand
a Single Bt trait hybrids consisted of 59122 maize in all four years, as well as MIR60
DP4114xMIR604 maize in all four years. Negative control maize hybrids did not contain
b The 2010 experiments were conducted in Illinois, Iowa (2), Minnesota, and Wisconsi
and Wisconsin. The 2012 experiments were conducted in Illinois (2), Iowa, Indiana, Min
Illinois, Iowa, Indiana, Minnesota, South Dakota and Wisconsin.
c An environment is deﬁned as a unique combination of location, experiment, deploym
d For the 2012 experiments for single Bt trait maize hybrids, the 59122 maize seeds we
control of certain secondary pests but not control of CRW larvae (0.25 mg a.i. per kerne
clothianidin at the labeled rate for control of CRW larvae (1.25 mg a.i. per kernel).environments were identiﬁed for negative control maize hybrids
(Table 1). For each trait group (single, pyramided, and control), the
proportion of roots with injury above a given NIS threshold value
was calculated separately for each environment. NIS thresholds of
1.0 for single Bt trait data and 0.50 for pyramided Bt trait data were
evaluated, as recommended by US-EPA (Schlenk and Jenkins Jr,
2014). Additionally, the Agricultural Biotechnology Stewardship
Technical Committee (ABSTC) has recommended that a NIS
threshold value greater than 0.50 is more realistic for pyramided Bt
traits based on current industry data (Burd, 2013); therefore, an
intermediate NIS threshold of 0.75 for the pyramided trait data was
also evaluated.
2.2.3. Generation of probability density curves for observed injury
proportions
For the single Bt trait maize hybrids in the benchmark product
performance data, the observed injury proportion for NIS
threshold of 1.0 (i.e., the proportion of plants with NIS score  1.0)
from each of the 65 environments is presented in the form of a
probability density curve (referred to as a benchmark distribu-
tion) in Fig. 1(a), along with the corresponding benchmark dis-
tribution of the negative control maize hybrids. Similarly,
benchmark distributions for the pyramided Bt trait maize hybrids
are presented for NIS thresholds of 0.75 and 0.50 in Fig. 1(b) and
(c), respectively. Note that the two benchmark distributions for
the pyramided Bt trait maize hybrids are not identical to each
other (Fig. 1(b) and (c)) even though the two distributions were
generated using the same 85 environments, as the observed
injury proportion for a given environment could vary depending
on the NIS threshold. Likewise, for the negative control maize
hybrids, the benchmark distributions are different for each of the
three NIS thresholds even though the same 48 environments
were utilized for each distribution.
2.2.4. Recommendation of p1 and p2 values
In an ideal situation, where the Bt maize provides the expected
level of efﬁcacy and no resistance has developed, the observed
injury proportions for Bt maize should be below p1 across all en-
vironments, and the observed injury proportions for negative
control maize should be above p2 across all environments. There-
fore, by deﬁnition, the natural choice for p1 would be the highestd Number of environmentsc Number of collected root samples
10 393
Refuge 16 883
Refuge 31 1403
8 669
10 338
Refuge 27 1680
Refuge 32 1222
16 1116
10 393
11 526
19 948
8 441
4 maize in 2012. Pyramided Bt traits consisted of both 59122xMIR604 maize and
any transgenic Bt traits for CRW control.
n. The 2011 experiments were conducted in Illinois, Iowa, Minnesota, South Dakota,
nesota, South Dakota (2), and Wisconsin. The 2013 experiments were conducted in
ent method (pure stand vs. blended), and infestation method (natural vs. manual).
re treated with the insecticidal seed treatment thiamethoxam at the labeled rate for
l), and the MIR604 maize seeds were treated with the insecticidal seed treatment
Fig. 1. Benchmark distributions and recommended p1 and p2 values. The observed proportion of root samples with injury at or above a given node-injury scale (NIS) rating
threshold was calculated for each environment using benchmark product performance data. Benchmark distributions are presented as probability density curves for (a) single Bt
trait maize hybrids and negative control maize hybrids with NIS threshold of 1.0, (b) pyramided Bt trait maize hybrids and negative control maize hybrids with NIS threshold of 0.75,
and (c) pyramided Bt trait maize hybrids and negative control maize hybrids with NIS threshold of 0.50. p1 values were determined as the 80th percentile of each Bt maize
benchmark distribution, and p2 values were determined as the 20th percentile of each negative control maize benchmark distribution.
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ments in the benchmark product performance data, and likewise,
the natural choice for p2 would be the lowest observed injury
proportion for the negative control maize across all environments
in the benchmark product performance data.
However, in reality, CRW abundance is seldom uniform across a
given environment (Park and Tollefson, 2006a) and Bt maize
products are not completely immune to root injury; therefore, it is
not unexpected to ﬁnd an occasional Bt maize rootwith higher than
expected CRW injury in ﬁelds where CRW resistance is absent,
particularly when CRW abundance is high. Additionally, it is not
unexpected to ﬁnd occasional negative control maize roots with
lower than expected CRW injury in ﬁelds with high CRW abun-
dance. To accommodate this variability, the 80th percentile on the
Bt maize benchmark distribution was chosen for p1 rather than the
highest value. Similarly, the 20th percentile on the negative control
maize benchmark distribution was chosen for p2 rather than the
lowest value. A total of three separate sets of p1 and p2 values (one
for each NIS threshold) were determined using the corresponding
benchmark distributions for Bt maize and negative control maize
(Fig. 1).
For example, the 80th percentile of the single Bt trait benchmark
distribution at 1.0 NIS threshold was a value of 0.20 (identiﬁed as p1
on the darker curve in Fig. 1(a)), and the 20th percentile of the
negative control maize benchmark distribution at 1.0 NIS threshold
was a value of 0.63 (identiﬁed as p2 on the lighter curve in Fig. 1(a)).
Therefore, when conducting a product performance assessment for
a given ﬁeld containing single trait Bt maize, the corresponding
hypotheses are:
H1: p  0.20
H2: p  0.63
where p refers to the underlying true proportion of roots with NIS
score  1.0 for a given ﬁeld. When H1 hypothesis is true, the ﬁeld is
classiﬁed as having acceptable performance.When H2 hypothesis is
true, the ﬁeld is classiﬁed as having UXD.2.3. Calculation of “stop sampling” limits for sequential sampling
plan
With the establishment of the hypotheses, the next step is to
build a sampling plan to enable unbiased estimation of the true but
unknown proportion (p) of roots with injury for any given ﬁeld.
Under simple random sampling, the sample proportion is the un-
biased estimator for p. A sequential sampling plan allows multiple
stages of sampling and estimation of p, enabling a decision to be
made at each stage, and potentially enables a ﬁnal decision be-
tween H1 and H2 hypotheses to be made without completion of all
stages of sampling. The sequential sampling plan starts with a
smaller number of samples compared to a ﬁxed sampling plan, and
additional samples are collected only if the three “stop sampling”
criteria below are not met:
1. If the number of root samples exhibiting above-threshold CRW
larval injury falls below a speciﬁed lower limit (dlower) for the
current sample size (n), then the ﬁeld is classiﬁed as having
acceptable performance and sampling stops.
2. If the number of root samples exhibiting above-threshold CRW
larval injury exceeds a speciﬁed upper limit (dupper) for the
current sample size (n), then the ﬁeld is classiﬁed as having
UXD. In this case, follow-up actions will be determined by the
trait provider and sampling stops.
3. If the predeterminedmaximum sample size (nmax) is met and no
decision has been made, then the ﬁeld cannot be classiﬁed as
either having acceptable performance or UXD. In this case,
follow-up actions will be determined by the trait provider and
sampling stops.
The formulas for calculating the lower and upper “stop sam-
pling” limits (dlower and dupper, respectively) at a given sample size
(n) are (Onsager, 1976):
B. Hong et al. / Crop Protection 82 (2016) 36e4440dlower ¼
ln 1p1ð Þ= 1p2ð Þ½ 
ln p2 1p1ð Þ= p1 1p2ð Þð Þ½ 
n ln 1að Þ=b½ 
ln p2 1p1ð Þ= p1 1p2ð Þð Þ½ 
dupper ¼ ln 1p1ð Þ= 1p2ð Þ½ ln p2 1p1ð Þ= p1 1p2ð Þð Þ½ 
nþ ln 1bð Þ=a½ 
ln p2 1p1ð Þ= p1 1p2ð Þð Þ½ 
(1)
where ln function represents the natural logarithmic calculation; p1
and p2 are the speciﬁed proportion limits of H1 and H2 (derived
from the benchmark product performance data); a is the proba-
bility of type I error; and b is the probability of type II error. The
values for p1, p2, a, and b are predetermined.
3. Results and discussion
3.1. Sequential sampling plan
A total of three sequential sampling plans (one for each NIS
threshold) were developed (Tables 2e4). Each sampling plan pro-
vides deﬁned classiﬁcation criteria for in-ﬁeld product perfor-
mance assessments, based on the total number of root samples
exhibiting injury for sample sizes of 5, 10, 15, and 20 total samples.
Using the performance classiﬁcation criteria, the ﬁeld may be
classiﬁed one of twoways (acceptable performance or UXD) and no
further samples are collected. If neither classiﬁcation can be made,
then additional samples are collected and the decision process is
repeated. The “stop sampling” limits for acceptable performance
and UXD (dlower and dupper, respectively) were calculated using
formula (1), the given total sample size (n) at each step, the pre-
determined p1 and p2 values corresponding to each of the NIS
thresholds, and the predetermined a and b error probabilities.
For all three sequential sampling plans, the maximum sample
size is set to 20 root samples due to practicality considerations. It is
worthwhile to note that at 20 root samples, both type I and type II
error probabilities are controlled at 0.05. With this sequential
sampling plan, a given in-ﬁeld product performance assessment
starts with a minimum initial sampling of 5 roots, and adds addi-
tional sampling in increments of 5 roots, up to a total of 20 roots.
However, the application of the sampling plan is ﬂexible; for
example, in a larger ﬁeld it may make sense for the ﬁeld profes-
sional to start with an initial sampling of 10 roots and, if necessary,
repeat with 10 additional roots, stopping at the maximum sample
size of 20 roots.
To describe the sequential sampling plan and associated “stop
sampling” criteria, let us use a two-step sampling plan (i.e., initial
sample of 10 roots and maximum sample of 20 roots) for single Bt
trait maize with NIS threshold of 1.0, as provided in Table 2, as an
illustrative example. The ﬁeld professional will ﬁrst take 10 root
samples via simple random sampling across the ﬁeld and assign the
NIS scores. Depending on the results, one of the following three
decisions will be made:
1. If the number of root samples exhibiting unexpected root injury
(i.e., NIS score  1.0) is less than or equal to the acceptableTable 2
Sequential sampling plan for single trait maize hybrids with NIS threshold of 1.0
n p1 p2 a b Performance class
Acceptable perfor
5 0.20 0.63 0.20 0.05 0
10 0.20 0.63 0.15 0.05 2
15 0.20 0.63 0.10 0.05 4
20 0.20 0.63 0.05 0.05 6
Note: NIS refers to the node-injury scale rating (Oleson et al., 2005), n refers to the tota
derived from benchmark product performance data, a and b refer to type I and type II eperformance limit of 2 samples, then the ﬁeld is classiﬁed as
having acceptable performance and sampling stops.
2. If the number of root samples exhibiting unexpected root injury
(i.e.,NIS score 1.0) is greater than or equal to the UXD limit of 5
samples, then the ﬁeld is classiﬁed as having UXD. In this case,
follow-up actions will be determined by the trait provider and
sampling stops.
3. If the number of root samples exhibiting unexpected root injury
(i.e., NIS score  1.0) is greater than 2 and less than 5 (i.e., 3 or 4
samples), then the ﬁeld cannot yet be classiﬁed. In this case, an
additional sampling of 10 roots will be taken from the same
ﬁeld.
In the case of #3 above, the ﬁeld professional completes the
sampling of 10 additional roots and assigns the NIS scores.
Depending on the results, one of the following three decisions will
be made:
1. If the total number of root samples (including those from the
ﬁrst 10 roots) exhibiting unexpected root injury (i.e., NIS
score  1.0) is less than or equal to the acceptable performance
limit of 6 samples, then the ﬁeld is classiﬁed as having accept-
able performance and sampling stops.
2. If the total number of root samples exhibiting unexpected root
injury (i.e., NIS score  1.0) is greater than or equal to the UXD
limit of 10 samples, then the ﬁeld is classiﬁed as having UXD. In
this case, follow-up actions will be determined by the trait
provider and sampling stops.
3. If the total number of root samples exhibiting unexpected root
injury (i.e., NIS score 1.0) is greater than 6 and less than 10 (i.e.,
7e9 samples), then themaximum sample size of 20 samples has
been met and no ﬁeld classiﬁcation has been made. In this case,
follow-up actions will be determined by the trait provider and
sampling stops.
3.2. Considerations for error probabilities
The sequential sampling plans presented in Tables 2e4 contain
two error probabilities a and b, representing type I and type II
error, respectively. Type I error (i.e., false positive) is the error
made when concluding a ﬁeld should be classiﬁed as having UXD,
when in actuality the Bt maize product had acceptable perfor-
mance. Type II error (i.e., false negative) is the error made when
concluding the Bt maize product had acceptable performance in a
ﬁeld, when in actuality the ﬁeld should have been classiﬁed as
having UXD. In other words, the probability of making a type I
error can be understood as the trait provider's risk, and the
probability of making a type II error can be understood as the
farmer's risk. Preferably, it would be desirable to minimize
probabilities of both types of error; however, under resource
constraints (i.e., intensive nature of root sampling and assessing
CRW injury), one type of error needs to be relaxed as there is
always a trade-off between the two error probabilities in statis-
tical hypothesis testing. In the context of in-ﬁeld productiﬁcations based on number of root samples with injury above NIS threshold of 1.0
mance classiﬁcation UXD classiﬁcation No classiﬁcation
3 1-2: Continue sampling
5 3-4: Continue sampling
8 5-7: Continue sampling
10 7-9: Stop sampling
l number of root samples collected, p1 and p2 are predetermined proportion limits
rror probabilities, and UXD refers to unexpected damage.
Table 3
Sequential sampling plan for pyramided trait maize hybrids with NIS threshold of 0.75.
n p1 p2 a b Performance classiﬁcations based on number of root samples with injury above NIS threshold of 0.75
Acceptable performance classiﬁcation UXD classiﬁcation No classiﬁcation
5 0.24 0.72 0.20 0.05 1 4 2-3: Continue sampling
10 0.24 0.72 0.15 0.05 3 6 4-5: Continue sampling
15 0.24 0.72 0.10 0.05 5 9 6-8: Continue sampling
20 0.24 0.72 0.05 0.05 8 11 9-10: Stop sampling
Note: NIS refers to the node-injury scale rating (Oleson et al., 2005), n refers to the total number of root samples collected, p1 and p2 are predetermined proportion limits
derived from benchmark product performance data, a and b refer to type I and type II error probabilities, and UXD refers to unexpected damage.
Table 4
Sequential sampling plan for pyramided trait maize hybrids with NIS threshold of 0.50.
n p1 p2 a b Performance classiﬁcations based on number of root samples with injury above NIS threshold of 0.50
Acceptable performance classiﬁcation UXD classiﬁcation No classiﬁcation
5 0.42 0.82 0.20 0.05 1 5 2-4: Continue sampling
10 0.42 0.82 0.15 0.05 4 8 5-7: Continue sampling
15 0.42 0.82 0.10 0.05 7 11 8-10: Continue sampling
20 0.42 0.82 0.05 0.05 11 15 12-14: Stop sampling
Note: NIS refers to the node-injury scale rating (Oleson et al., 2005), n refers to the total number of root samples collected, p1 and p2 are predetermined proportion limits
derived from benchmark product performance data, a and b refer to type I and type II error probabilities, and UXD refers to unexpected damage.
B. Hong et al. / Crop Protection 82 (2016) 36e44 41performance assessments, it is more critical to minimize the
probability of type II error (false negative or farmer's risk) rather
than type I error (false positive or trait provider's risk) (Schlenk
and Jenkins Jr, 2014). Furthermore, for type I error, it is impor-
tant to note that an in-ﬁeld product performance assessment is
not the ﬁnal step in resistance monitoring, as CRW populations
would subsequently be sampled from a given UXD-classiﬁed ﬁeld
and assayed for susceptibility to Bt protein(s). For type II error
however, the undetected UXD may have been due to increased
CRW resistance to Bt maize; therefore, the false negative
conclusion could have signiﬁcant negative consequences such as
the potential loss of that Bt maize product as an effective CRW
management tool for farmers in future seasons and the dimin-
ishment of the trait provider's knowledge of how their product is
performing.
Therefore, the recommendation for a sequential sampling plan
is to maintain the probability of type II error at a low level (e.g.,
b ¼ 0.05) regardless of the number of collected samples, with a
higher initial probability of type I error (e.g., a ¼ 0.20) that is
gradually reduced to a low level (e.g., a ¼ 0.05) as subsequent
samples are collected (Tables 2e4). Setting a higher initial proba-
bility of type I error enables an earlier decision to be made with a
smaller initial sample size and reduces the impact of resource
limitations and sampling cost, but is associated with a higher trait
provider risk of inaccurate in-ﬁeld product performance assess-
ments due to a type I error. The trait provider must evaluate and be
willing to bear the risk of making a type I error at a higher proba-
bility than usual.3.3. Average sample numbers for sequential sampling plan
By managing the a and b error probabilities coupled with
effective unbiased sampling, this sequential sampling plan allows
the ﬁeld professional to accurately evaluate UXD in a ﬁeld while
potentially utilizing a smaller number of samples compared to a
ﬁxed sampling planwith sample size equal to that of the sequentialsampling plan's maximum sample number (n ¼ 20). To further
illustrate the resource efﬁciency beneﬁts of a sequential sampling
plan, a theoretical simulation was conducted to calculate the ex-
pected sample numbers (also known as average sample numbers or
ASNs) in a given sequential sampling plan that would be required to
make a “stop sampling” decision for the entire range of underlying
true proportion p values. Two separate sequential sampling plans
were simulated: a two-step sequential sampling planwith an initial
10-root sample followed by one additional 10-root sample if
necessary, and also a four-step sequential sampling plan with an
initial 5-root sample followed by additional sampling as necessary
in 5-root increments up to the maximum sample size of 20 roots.
Both sampling plans utilized the p1 value (p1 ¼ 0.20), p2 value
(p2 ¼ 0.63), and performance classiﬁcation criteria predetermined
for single Bt trait maize hybrids with NIS threshold of 1.0 (Table 2).
The p values tested in the simulation ranged from 0 to 1 in in-
crements of 0.05, and is representative of the range of underlying
true proportions of root injury possible for a given ﬁeld. For each
tested p value, the ASN needed before a “stop sampling” decision
can be made (i.e., the minimum ASN required to classify a ﬁeld as
either “acceptable performance” or “UXD,” without exceeding the
maximum sample number of 20) was calculated for each sampling
plan using formula (2) below:
ASN ¼ EðSNÞ ¼
XK
i¼1
ni  Prðstop sampling at step iÞ (2)
where E(SN) denotes expected sample number, K denotes the total
number of steps in a sequential sampling plan (i.e., K ¼ 2 for a two-
step sampling plan and K ¼ 4 for a four-step sampling plan), ni
represents the cumulative sample number at step i (e.g., n1¼10 and
n2¼ 20 in the two-step sampling plan), and Pr(stop sampling at step
i) refers to the probability of making a “stop sampling” decision at
step i and not before.
For example, an ASN value for the two-step sampling plan was
calculated as follows.
ASN ¼ n1  Pr need to sample only once and stopð Þ þ n2  Pr need to complete the second samplingð Þ
¼ 10 Pr X  2 or X  5ð Þ þ 20 Pr X ¼ 3 or 4ð Þ
¼ 10 1P4
i¼3
Pr X ¼ ið Þ
 !
þ 20P4
i¼3
Pr X ¼ ið Þ
¼ 10 10P4
i¼3
10
i
 
pi 1 pð Þ10i þ 20
X4
i¼3
10
i
 
pi 1 pð Þ10i
¼ 10þ 10P4
i¼3
10
i
 
pi 1 pð Þ10i
(3)
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NIS threshold, and p refers to the underlying true proportion of
roots with UXD for a given ﬁeld.
Likewise, an ASN value for the four-step sampling plan was
calculated as follows:ASN ¼ n1  Pr need to sample only once and stopð Þ þ n2  Pr need to sample twice and stopð Þ
þn3  Pr need to sample the third time and stopð Þ þ n4  Pr need to sample all four timesð Þ
¼ 5 Pr1 X ¼ 0 or X  3ð Þ þ 10 Pr1 X ¼ 1 or 2ð Þ  Pr2 X  2 or X  5ð Þ
þ15 Pr1ðX ¼ 1 or 2Þ  Pr2 X ¼ 3 or 4ð Þ  Pr3 X  4 or X  8ð Þ
þ20 Pr1 X ¼ 1 or 2ð Þ  Pr2 X ¼ 3 or 4ð Þ  Pr3 5  X  7ð Þ
¼ 5 1P2
i¼1
Pr X ¼ i;n ¼ 5ð Þ
 !
þ 10P2
i¼1
Pr X ¼ i;n ¼ 5ð Þ  1P4
i¼3
Pr X ¼ i;n ¼ 10ð Þ
 !
þ15P2
i¼1
Pr X ¼ i;n ¼ 5ð Þ P4
i¼3
Pr X ¼ i;n ¼ 10ð Þ  1P7
i¼5
Pr X ¼ i;n ¼ 15ð Þ
 !
þ20P2
i¼1
Pr X ¼ i;n ¼ 5ð Þ P4
i¼3
Pr X ¼ i;n ¼ 10ð Þ P7
i¼5
Pr X ¼ i;n ¼ 15ð Þ
¼ 5þ 5P2
i¼1
5
i
 
pi 1 pð Þ5i þ 5
X2
i¼1
5
i
 
pi 1 pð Þ5i 
X4
i¼3
10
i
 
pi 1 pð Þ10i
þ5P2
i¼1
5
i
 
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X4
i¼3
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i
 
pi 1 pð Þ10i 
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15
i
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(4)where X refers to the number of root samples with injury above the
NIS threshold, and p refers to the underlying true proportion of
roots with UXD for a given ﬁeld.
The ASNs calculated using Formulas (3) and (4) for the two-step
and four-step sampling plans, respectively, are presented in Fig. 2
for the entire range of underlying true proportion p values. A
ﬁxed sampling plan (n ¼ 20) is also presented in Fig. 2.
Fig. 2 shows that across the entire range of p values from 0 to 1,
the lowest ASNs in both sequential sampling plans occur when p is
close to either end of the range (i.e., close to p ¼ 0 or p ¼ 1). This
demonstrates that the beneﬁt of a sequential sampling plan is
maximized for ﬁelds where the proportion of root injury is extreme
(i.e., either very low or very high), as in those cases a “stop sam-
pling” decision is expected to be made after only the ﬁrst sampling
(either with 10 roots in the two-step plan or with 5 roots in the
four-step plan). ThemaximumASN observed is 14.9 samples for the
two-step sampling plan, and 11.4 samples for the four-step sam-
pling plan; both maximum ASN values are considerably lower than
the 20 samples required by the ﬁxed sampling plan, demonstrating
that for any level of root injury in a given ﬁeld, a sequential sam-
pling plan can enable a ﬁeld professional to make a “stop sampling”decision earlier and before the maximum sample number is
reached. Note that both of these maximum ASNs occur at a p value
of 0.35, which is the geometric mean between the two proportion
limits (p1 ¼ 0.20, p2 ¼ 0.63) utilized in this simulation. In other
words, the hypotheses tested in this simulation are H1: p  0.20 vs.H2: p  0.63, and when p (i.e., the underlying true proportion of
injured roots) is in the middle between H1 hypothesis and H2 hy-
pothesis (i.e., p between 0.20 and 0.63), it is the most difﬁcult to
decide which hypothesis is true and therefore a higher number of
samples is required. Across the entire range of p, the two-step
sampling plan has higher ASN values than the four-step sampling
plan; the trait provider can choose to utilize either plan, or any
other conﬁgurations of the sequential sampling plan under the
samemaximum sample size and the same sequence of a and b error
probabilities, based on the given considerations for each individual
ﬁeld (e.g., ﬁeld size, shape, or the resources available for a particular
ﬁeld visit).3.4. Unbiased sampling is most appropriate for evaluating product
performance
In addition to implementing a sequential sampling plan to
achieve efﬁciency in collecting samples, the location(s) within the
ﬁeld and the spatial pattern in which those samples are collected
are also a critical part of any successful sampling program. We
recommend to conduct the sequential sampling plan using an “M”
Fig. 2. Comparison of simulated average sample numbers (ASN) for sequential and ﬁxed sampling plans. The ASN required to make a “stop sampling” decision were calculated
across the entire range of underlying true p proportion of injured roots in a given ﬁeld, for three separate sampling plans: (1) a ﬁxed sampling plan with 20 samples, (2) a two-step
sequential sampling plan, with an initial 10-root sample followed by one additional 10-root sample if necessary, and (3) a four-step sampling plan, with an initial 5-root sample
followed by additional sampling as necessary in 5-root increments up to the maximum sample size of 20 roots. Both sequential sampling plans were derived from benchmark
product performance data for single Bt trait maize hybrids with node-injury scale (NIS) rating threshold of 1.0.
B. Hong et al. / Crop Protection 82 (2016) 36e44 43pattern (Fishel et al., 2001) coupled with random selection of plants
for sampling, in order to provide an unbiased understanding of the
level of root injury on a whole-ﬁeld basis. Furthermore, when the
ﬁeld professional reaches a particular point in the ﬁeld during an
in-ﬁeld product performance assessment and stops to collect a
sample, we recommend that the plant to be sampled should be ﬁve
plants away from where the ﬁeld professional stopped in order to
avoid inadvertent bias during plant selection. We also recommend
that each plant selected for sampling should be tested with a gene-
check strip to conﬁrm the plant is trait-positive (i.e., Bt-expressing),
and the ﬁeld professional should not include any trait-negative
plants in the in-ﬁeld product performance assessment. Unbiased
sample collection is necessary because the product performance
classiﬁcation criteria predetermined for each NIS threshold are
based on the assumption of unbiased sampling, as the p1 and p2
values (Tables 2e4) derived from benchmark product performance
data were collected using randomized, replicated experimental
design coupled with unbiased sampling methodology.
Root sample collection using unbiased methodology is repre-
sentative of root injury levels across the entire ﬁeld, enabling the
ﬁeld professional to draw a whole-ﬁeld CRW product performance
conclusion. In addition to the “M” sampling pattern, there may also
be other random sampling patterns (e.g., stratiﬁed random sam-
pling) that are appropriate for conducting in-ﬁeld product perfor-
mance assessments, provided the chosen sampling pattern is
unbiased and whole-ﬁeld in nature. The intent of our recom-
mended unbiased, whole-ﬁeld sampling methodology is not toexclude or dilute any visible “hotspots” showing visual symptoms
of CRW injury (i.e., plant lodging) from the overall assessment
result, but rather to ensure that hotspots are proportionally rep-
resented in the context of the entire range of product performance
throughout the entire ﬁeld. This whole-ﬁeld understanding is
necessary as each season the farmer needs to make pest manage-
ment decisions on a whole-ﬁeld basis. If a given in-ﬁeld product
performance assessment concluded with a UXD classiﬁcation for
the ﬁeld, any resulting follow-up actions would also be imple-
mented on a whole-ﬁeld basis.
A sampling plan that does not consider whole-ﬁeld perfor-
mance and instead focuses solely on visible hotspots would intro-
duce bias into the in-ﬁeld product performance assessment. This
introduced hotspot bias may result in an increased occurrence of
type I and type II errors. Type I (false positive) errors may increase
because hotspot bias would potentially increase the number of UXD
conclusions and subsequent follow-up actions, when in fact UXD
had not occurred on a whole-ﬁeld basis. It is worthwhile to note
that there are other factors besides potential CRW resistance to Bt
maize that could be causing the standability challenges at a given
hotspot, e.g., high density aggregation of the CRW population (high
population pressure) due to clustered oviposition (Park and
Tollefson, 2005, 2006b); feeding injury by other insect pests; or a
weak root systemdue to soil compaction, soil saturation, root rot, or
other plant diseases. Any one of these factors in combinationwith a
wind event can cause signiﬁcant root lodging (Nielsen, 2002). False
positive results have negative consequences for farmers, as a false
B. Hong et al. / Crop Protection 82 (2016) 36e4444alarm for an otherwise-effective product may limit ﬁeld manage-
ment options for CRW control. False positive results also have
practicality and cost efﬁciency concerns for trait providers due to
increased resource needs for a larger volume of subsequent CRW
population assessments. In addition to an increase in type I errors,
hotspot bias may also increase the number of type II (false negative)
errors in in-ﬁeld product performance assessments when localized
standability issues may not be the result of CRW feeding, yet sig-
niﬁcant injury exists elsewhere in non-lodged areas of the ﬁeld.
False negative results are concerning to both farmers and trait
providers due to the potential for delayed detection of a Bt-
resistance pest population and the associated signiﬁcant negative
consequences. Our recommended unbiased samplingmethodology
accounts for potential variability in product performance across the
ﬁeld and our sequential sampling plan appropriately controls type I
and type II errors during each step of the in-ﬁeld product perfor-
mance assessments, thereby enabling accurate decisions to be
made with efﬁcient resource use.
4. Conclusion
In summary, sampling maize roots for CRW injury as part of an
in-ﬁeld product performance assessment for Bt maize products can
present resource challenges due to the labor intensiveness, po-
tential safety issues, and a limited time window available for
sampling. The goal of an effective sampling program is to accurately
characterize in-ﬁeld product performance while also minimizing
resource demand. A sequential sampling plan delivers on this goal,
and is a valuable tool for in-ﬁeld product performance assessments.
The sequential sampling planwe propose in this paper utilizes root
injury threshold values that are data-driven (derived from bench-
mark product performance data for single and pyramided Bt maize
traits for CRW control) and therefore more practical than
theoretically-determined threshold values. Our approach enables
systematic and effective classiﬁcation of in-ﬁeld Bt maize product
performance, a key component of a successful resistance moni-
toring program (IRAC, 2013), and incorporates unbiased sampling
methodology, controlled false positive and false negative error
rates, resource-efﬁciency, and applicability to various ﬁeld sizes.
This sequential sampling methodology could be easily applied to
other CRW control technologies such as soil- or seed-applied in-
secticides as well as future in-plant technologies for CRW control,
provided that appropriate benchmark product performance data
are available to determine p1 and p2 values. We encourage ongoing
efforts through the ABSTC to further develop an industry-wide
standard for in-ﬁeld CRW Bt maize product performance assess-
ment methodology as a means to enhancing the stewardship of
these important crop protection technologies.
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